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Abstract
This article investigates the mechanically induced transformation behavior of 12Cr-9Ni-
4Mo (ASTM A 564) austenitic stainless steel under different stress states. This phenomenon
is studied experimentally on a plane stress biaxial test facility. The facility can load a sheet
specimen simultaneously in shear and tension which enables us to investigate the effect of
stress state on transformation kinetics. The martensite fraction is monitored via a magnetic
sensor while the strain is measured using a camera and a dot-tracking software.
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1 Introduction
Solid-solid phase transformations have been the
subject of many studies for years due to their
influence on the mechanical properties of ma-
terials. Special interest has been focused on
metastable materials such as austenitic stainless
steels which exploit the martensitic transforma-
tions to combine very good mechanical prop-
erties such as high formability and strength.
These properties are very attractive to the in-
dustry especially for automotive and home ap-
pliances. A major drawback of these steels
however, is the difficulty of predicting processes
like sheet metal forming. It is obvious that to
have a good constitutive model the physical fac-
tors that underly the martensitic transformation
must be well understood and implemented.
The experiments done by Angel [1] show
that plastic straining induces martensitic trans-
formation in TRIP steels. This strain induced
transformation phenomenon has been studied
by many authors since then and what emerges
from these studies is that the kinetics of the
transformation is significantly influenced by fac-
tors such as the stress state and temperature.
According to Olson & Cohen [2] the plastic
strain drives the transformation by the gener-
ation of nucleation sites through shear band in-
tersections [3][4]. The stress on the other hand
provides the mechanical driving force needed
for the transformation. This driving force can
be calculated using the crystallographic theory
of martensite formation [5][6] and following the
Magee theory the progress of transformation can
be modeled [7][8]. These studies clearly pro-
nounce the effect of the state of stress on the
transformation. The temperature at which the
deformation takes place dictates the chemical
driving force which is basically the difference
of the Gibbs free energies of the constituent
phases. And in various experimental studies the
effect of temperature is obtained [2][9][10].
In sheet metal forming processes the local
stress state on the material can have any arbi-
trary combination of shear and tension. Conse-
quently, for the same amount of plastic straining
the kinetics of transformation will differ at dif-
ferent points in the material causing unexpected
shape changes in the final product. Addition-
ally, a material point in the sheet might undergo
strain path changes during the forming opera-
tion which will result in a varying stress state at
that point. There are a number of studies that
focus on the effect of stress state on the trans-
formation kinetics [8][9]. However, the number
of experimental studies that can clearly demon-
strate the effect is small. Mostly, tests in which
different points in the material undergo different
deformation paths are considered e.g. single-
shear tests [11]. In these studies different stress
1
states are imposed simultaneously on different
locations in the material [12][13][14] which lim-
its the evaluation of the investigation. In ad-
dition, there are multiaxial tests that focus on
the transformation plasticity and kinetics dur-
ing the athermal transformation of martensite
[15][16].
In this study the aim is to observe the effect
of stress state on the kinetics of strain induced
martensitic transformation using a biaxial test
facility which can deform sheet material in ar-
bitrary proportions of shear and tension. The
martensite fraction is monitored during the de-
formation process with a magnetic sensor which
enables a complete visualization of the transfor-
mation process.
2 Experimental setup
2.1 Test facility and the sample
The biaxial test facility is illustrated in figure
1a. Two separate clamps constrain the upper
and the lower sections of the sample. The upper
clamp can move only horizontally whereas the
lower clamp can move only vertically. The hori-
zontal and vertical displacements are controlled
independently via separate actuators.
With this setup it is possible to impose a con-
stant stress state on the deformation zone dur-
ing the test by keeping the direction of the de-
formation rate constant. This direction is con-
trolled via the relative speed of the clamps as
illustrated in figure 1b, enabling a range of tests
from plane strain tension to simple shear.
Figure 1 : (a) The biaxial test setup and the defor-
mation zone. (b) The stress state is controlled by
the horizontal and vertical deformation speeds.
2.2 Stress state and strain
The dimensions of the deformation zone
(w=45mm, h=3mm, t=1mm) project the
stresses onto the two-dimensional principal
stress space between the plane strain tension
and simple shear points. The horizontal load
cell of the setup provides the data for the shear
component of stress, τxy, and the vertical load
cell provides the tensile, σyy, data. The hori-
zontal stress component, σxx, can not be mea-
sured on this facility. However, it is assumed
based on basic theories on mechanics of materi-
als that the horizontal stress is always propor-
tional to the vertical stress. This assumption
will be used only in the discussion part upon re-
lating the amount of tension to the hydrostatic
stress.
The strain is measured real-time on the ma-
terial surface using a camera and dot-tracking
software. 16 black dots are applied to the
specimen surface before the test and the cor-
responding positions are recorded with a fre-
quency of approximately 10/sec. The data is
post-processed and averaged to find the strain
that accumulates in the material. The approx-
imate resolutions of the strain and stress mea-
surements are 0.05% and 2 MPa, respectively.
2.3 Magnetic sensor
The transformation from austenite to marten-
site is monitored with a magnetic sensor utiliz-
ing the permeability difference of the two phases
which is in the order of 100 [17]. The sensor
proves to supply a steady and representative sig-
nal that measures the amount of the martensite
phase throughout the experiment. This signal is
disturbed by several factors which are removed
by a calibration procedure. It is stated in [17]
that temperature as well as the stress and strain
affect the permeability of martensite due to the
magnetostriction phenomenon. In addition to
these, the tool steel clamps used in the cur-
rent tests influence the signal. Therefore, the
recorded signal is post-processed to eliminate
these interferences. Once a clean signal is at-
tained a correlation with the actual amount of
martensite, ϕ, is performed by metallographic
inspection. An important step before the in-
spection is the freezing of the microstructure.
If unaged the austenite continues to transform
isothermally after the tests due to the accumu-
lated plastic strain. Hence, all samples were
heat treated at 500 ◦C for 30 minutes imme-
diately after the tests. The samples were cut
through the length and polished using stan-
dard techniques after which the color etchant
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Lichtenegger-Blo¨ch solution was used to reveal
the austenite and martensite phases which have
adequate amount of contrast to be quantified
by a standard image processing tool. One of
the images used for correlation is presented in
figure 2.
Figure 2 : A metallographic sample showing 59%
martensite (dark) and 41%austenite (light).
2.4 Material
The material used in the tests is 12Cr-9Ni-4Mo
(ASTM A 564) austenitic stainless steel. The
nominal composition is given in table 1. The
transformation characteristics of this steel is
studied thoroughly in [10][17] by uniaxial tests
at different temperatures. The sheet material
was fully austenitic in as received condition and
the test samples were spark eroded to the exact
required shape. Kept at a constant 80 ◦C un-
til the tests, no prior isothermal transformation
was observed on the samples.
C+N Cr Ni Mo Cu Ti Al Si
< 0.05 12.0 9.1 4.0 2.0 0.9 0.4 < 0.5
Table 1: Chemical composition of the steel (ASTM
A 564) used in the experiments in wt%.
3 Results
3.1 Tests
In the context of this study two types of tests,
namely proportional and non-proportional, were
carried out. In the proportional tests the stress
state imposed on the material was kept con-
stant during the complete deformation process.
This was achieved by keeping the vertical and
shear deformation rates in a constant propor-
tion, Dyy/Dxy = 2 tanα, where α is the defor-
mation angle. Whereas in the non-proportional
tests the samples were initially sheared, α1 = 0,
until ∼ 50% martensite and then the deforma-
tion state was changed to a combination of shear
and tension, α2 6= 0.
3.2 Proportional tests
The range from simple shear to plane strain ten-
sion has been covered in 7 steps. The defor-
mation angle α was set to different values with
15◦ intervals to cover the space between simple
shear, 0◦, and plane strain tension, 90◦, evenly.
The results of these tests are plotted in figure 3
for σyy−²eq, τxy−²eq and in figure 4 for ϕ−²eq.
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Figure 3 : Stress vs. equivalent strain curves for the
proportional tests. Legend denotes the deformation
angle, α.
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Figure 4 : Martensite fraction vs. equivalent strain
curves for the proportional tests.
By repeating some of the tests the reproducibil-
ity was analyzed and concluded to be excellent.
Small deviations were observed only at very high
strain levels. The reason of this behavior is
twofold: At high tensile deformation the sen-
sor starts to be disturbed from its position in
the vertical direction and loses perfect contact
with the material. Likewise, at high shear defor-
mation the material starts to wrinkle and this
again causes a disturbance in the contact.
A thorough analysis on figure 4 shows that
all the transformation curves have the same
shape within the margins of experimental error.
This behavior is in line with the theory that
the transformation is driven by plastic strain
whereas the amount of tension influences the
rate. This can be more clearly visualized when
the amount of strain needed to transform 40%
martensite for each test are plotted against the
tensile stress at the corresponding points, as in
figure 5. It is observed that among the individ-
ual curves there exists a linear relationship that
scales with the amount of tensile stress.
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Figure 5 : Equivalent strain at 40% martensite vs.
corresponding tensile stress.
Due to the reasons introduced in section 2.2
it is not possible to relate this phenomenon
quantitatively to the hydrostatic stress instead
of tension. However, based on the assump-
tion that the material obeys the isotropic J2
plasticity model in the absence of martensitic
transformation, the hydrostatic stress will al-
ways be proportional to the tensile stress in this
setup. Hence, the increase in transformation
speed might be concluded to originate from the
increase in the mechanical driving force with the
hydrostatic stress. A volumetric expansion ac-
companies the martensite formation therefore,
the hydrostatic stress will act on every variant
to generate an isotropic increase in the driving
force which, according to the formulation by Pa-
tel & Cohen [6], increases linearly with hydro-
static stress.
3.3 Non-proportional tests
The range from simple forward shear, 0◦, to re-
verse shear, 180◦, was also covered in 7 steps.
In the α2 6= 0 stage, the same procedure as the
proportional tests was followed. The transition
from α1 = 0 was performed continuously with-
out an elastic unloading step in between. The
results, ϕ− ²eq, are plotted in figure 6. The aim
of the non-proportional tests was to observe the
transformation behavior upon a sudden change
in stress state. The results show that there is
no significant phenomenon associated with this
except that the transformation proceeds contin-
uously while the rate changes from the rate at
α1 = 0 to the corresponding proportional defor-
mation rate.
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Figure 6 : Martensite fraction vs. equivalent strain
curves for the non-proportional tests.
3.4 Discussion
The linear relation between the rate of trans-
formation and tensile stress can be utilized in
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a numerical model to predict the transforma-
tion curve in a non-proportional test. In figure
7 the non-proportional test with α2 = 90 is re-
produced using the simple shear transformation
curve and the recorded tensile stress. It is ob-
served that the smooth increase in transforma-
tion rate upon the change of stress state is very
well captured.
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Figure 7 : The test results of the non-proportional
test with α2 = 90 and the reproduced results using
the simple shear curve.
4 Conclusion
Strain induced martensitic transformation as a
function of stress state and strain path has been
studied on a metastable austenitic stainless steel
using a biaxial test equipment. The results pro-
vide quantitative relations in the understanding
of the mechanisms of martensitic transformation
aided by deformation.
A constant stress state was imposed on the
material during the proportional tests and the
influence of the tensile stress on transforma-
tion kinetics was investigated. A linear relation
between the amount of tension and the trans-
formation rate was found which is in accord
with the Patel & Cohen theory on the action
of applied stress on martensitic transformations.
Based on this theory it can be concluded that
an isotropic increase in mechanical driving force
shows itself in a proportional increase in the rate
of transformation.
In the non-proportional tests the stress state
on the material was switched suddenly from sim-
ple shear to a combination of shear-tension after
∼50% transformation. No specific occurrence
related to this change was observed. The trans-
formation rate however was found to follow the
linear relation that has been formulated using
the proportional tests.
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